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2.	 Since	 the	 1970s,	 this	 badger	 population	 has	 been	monitored	 with	 a	 systematic	
mark–recapture	regime	yielding	a	dataset	of	>15,000	captures	of	>3,000	individu-
als,	providing	detailed	 individual	 life-history,	morphometric,	genetic,	 reproductive	
and	disease	data.
3.	 The	annual	prevalence	of	bTB	in	the	Woodchester	Park	badger	population	exhibits	
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1  | INTRODUCTION
Studying	 disease	 ecology	 in	 wildlife	 is	 challenging	 (Delahay,	 Smith,	
&	 Hutchings,	 2009;	 Restif	 et	al.,	 2012).	 However,	 improving	 our	 un-











Understanding	 the	 long-	term	 consequences	 of	 infection	 and	
disease	 within	 a	 population	 requires	 more	 than	 just	 snapshots	 of	
prevalence.	 A	 huge	 diversity	 of	 factors	 influence	 the	 susceptibil-
ity	 of	 individuals	 to	 pathogens	within	 populations	 and	 the	 resulting	



































rodents	 and	 carnivores	 (Delahay,	De	 Leeuw,	 Barlow,	 Clifton-	Hadley,	
&	Cheeseman,	2002).	However,	 it	 is	European	badgers,	 in	which	 the	
disease	 can	 persist	 independently	within	 populations	 (Delahay	 et	al.,	
2013),	which	 is	 believed	 to	be	 the	wildlife	 host	 of	most	 significance	
in	the	UK	and	Ireland	and	involved	in	the	transmission	of	infection	to	
cattle	(Donnelly	et	al.,	2006;	Griffin	et	al.,	2005).	Despite	efforts	to	con-




pecially	 the	 lungs	 and	associated	 lymph	nodes,	 although	virtually	 all	
organs	can	be	affected.	Badgers	undergo	a	spectrum	of	responses	to	
infection	ranging	from	latency	to	generalized	disease	(Corner,	Murphy,	







ward	 transmission	 of	M. bovis	 to	 other	 badgers	 is	 believed	 to	 occur	
6.	 The	Woodchester	Park	study	system	now	offers	a	rare	opportunity	to	seek	a	dy-
namic	understanding	of	how	individual-,	group-	and	population-level	processes	in-
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by	 aerosol	 transmission	 among	 individuals	 in	 close	 contact,	 via	 bite	
wounding	 (Jenkins,	Cox,	&	Delahay,	 2012),	 and	 indirectly	 from	 con-
tamination	of	 the	environment	 (Corner	et	al.,	2012;	Courtenay	et	al.,	
2006).
3  | THE WOODCHESTER PARK STUDY
The	Woodchester	Park	study	was	established	in	1976	to	investigate	
bTB	epidemiology	in	a	wild,	naturally	infected	badger	population.	The	
study	 is	 situated	 on	 the	 Cotswold	 escarpment	 in	 Gloucestershire,	
South	 West	 England	 (2°16′E,	 51°43′N,)	 and	 comprises	 a	 wooded	
valley	surrounded	by	pastoral	and	arable	 farmland	 (Delahay,	Carter,	
Forrester,	Mitchell,	&	Cheeseman,	 2006).	 Badger	 social	 structure	 is	
highly	 variable	 across	 their	 geographic	 range	 and	 in	 different	 habi-
tat	 types,	 but	 when	 population	 density	 is	 high,	 individuals	 tend	 to	
live	 in	 social	 groups	 (Roper,	 2010).	 The	 resident	 badger	 population	









containing	 a	 population	 of	 21–23	 social	 groups,	 has	 been	 studied	
continuously	 for	41	years	and	represents	 the	 longest	 temporal	data	
source	on	bTB	in	wild	badgers.
Early	research	at	Woodchester	Park	established	many	techniques	




January	 (February–April	 is	a	closed	season	 to	avoid	 trapping	breed-
ing	females).	Badgers	are	trapped	in	steel	mesh	box	traps	baited	with	
peanuts.	 Under	 anaesthetic,	 each	 individual	 is	 permanently	marked	
with	a	unique	ID	tattoo	on	the	abdomen	(Cheeseman	&	Harris,	1982),	
and	variables	recorded	include	age	class,	sex,	weight,	body	condition,	
body	 length,	 reproductive	status	and	tooth	wear	 (Figure	2).	Samples	
of	 sputum,	 faeces,	 urine	 and	 swabs	 of	 abscesses	 and	 wounds	 are	
taken	for	M. bovis	culture	(Gallagher	&	Horwill,	1977,	Figure	2).	Blood	
sampling	of	 captured	 animals	 has	 facilitated	 the	development,	 eval-
uation	and	application	of	 several	diagnostic	 tests	 for	bTB.	Currently	
blood	samples	are	 tested	using	 the	 interferon-	gamma	 immunoassay	
(IFN-	γ;	Dalley	et	al.,	2008),	used	from	2006	to	detect	a	cell-	mediated	
immune	response,	and	the	Dual	Path	Platform	test	 (DPP®	Chembio.
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ecological	 and	 epidemiological	 questions	 ranging	 from	 population-	
level	 epidemiology,	 through	 the	 role	of	 social	 structure	 to	 individual	
differences	 in	 epidemiological	 importance.	These	 are	 summarized	 in	
Table	S2,	and	many	are	discussed	throughout	this	synthesis.
4  | HOST AND PATHOGEN ECOLOGY AT 
THE POPULATION LEVEL
Throughout	 the	 study,	 there	 have	 been	 substantial	 fluctuations	 in	




continued	 to	decline	 in	 recent	 years	 (Figure	3),	with	 the	 causes	of	
this	unclear.	Variation	in	cub	recruitment	positively	correlates	with	
these	 population	 changes.	 Density-	dependent	 regulation	 is	 con-
sidered	 the	 main	 driver	 of	 this	 (McDonald	 et	al.,	 2016),	 although	
weather	 effects	 are	 also	 found	 to	 be	 important	 in	 this	 and	 other	
study	systems	(Macdonald,	Newman,	Buesching,	&	Nouvellet,	2010;	
McDonald	et	al.,	2016).
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not	 (Begon	 et	al.,	 2002).	Density-	dependent	 transmission	 can	 influ-
ence	disease	dynamics	and	affect	how	wildlife	diseases	are	managed.	






correlated	with	 population	 size	 in	 the	 previous	year	 (Delahay	 et	al.,	





Despite	 the	 mixed	 evidence	 for	 density-	dependent	 M. bovis 
transmission,	 there	 is	evidence	of	 interactions	between	disease	and	
demographic	 processes	 in	Woodchester	 Park.	 Adult	 survival	 in	 the	
population	 is	 lower	 with	 a	 high	 prevalence	 of	 diseased	 individuals	





years	 before	 showing	 evidence	 of	 being	 infectious	 (positive	 culture	
or	advanced	pathology),	and	therefore,	it	seems	unlikely	that	a	rise	in	
the	number	of	infectious	individuals	is	simply	a	function	of	increased	
transmission	 risk.	 Density-	dependent	 decreases	 in	 body	 weight	
(Rogers,	Cheeseman,	&	Langton,	1997)	have	been	documented,	sug-
gesting	 that	 competition-	induced	 physiological	 stressors	 (of	 which	
body	weight	is	a	likely	proxy)	may	help	explain	increased	disease	pro-
gression	at	higher	population	densities.
Environmental	 factors	 independent	 of	 population	 density	 may	












5  | GROUP- LEVEL PATTERNS IN DISEASE 
AND THE ROLE OF SOCIAL STRUCTURE
Population	 social	 structure	 results	 in	 considerable	 variation	 in	 bTB	
prevalence	 across	 the	Woodchester	Park	population.	Annual	meas-
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with	 strong	 evidence	 for	 spatial	 aggregation	 and	 persistence	 of	 in-










(Carter	 et	al.,	 2007;	 Delahay,	 Langton,	 et	al.,	 2000;	 Weber,	 Carter,	
et	al.,	2013),	dispersal	might	be	expected	to	be	a	key	mechanism	me-
diating	 disease	 risk.	 Dispersal	 in	 high-	density	 badger	 populations	 is	





















6  | INDIVIDUAL DIFFERENCES AND THEIR 
ROLE IN DISEASE TRANSMISSION
Within	social	groups,	additional	variation	will	arise	among	 individual	
badgers	 in	 their	 risk	of	 acquiring	 infection,	 disease	progression	 and	
subsequent	 onward	 transmission	 (Figure	5).	 Such	 differences	 may	
be	related	to	variation	in	social	behaviour	and/or	physiological	state	
(Figure	5).	 Higher	 infectiousness	 and/or	 high	 numbers	 of	 disease-	
transmitting	 contacts	 are	 characteristics	 of	 “superspreaders,”	 indi-
viduals	that	contribute	disproportionately	to	disease	transmission	and	
play	a	pivotal	 role	 in	disease	 spread	 through	 the	population	 (Lloyd-	
Smith	et	al.,	2005).	Both	behaviour	and	disease	progression	can	gen-
erate	a	“superspreader.”	For	example,	at	Woodchester	Park,	a	subset	
of	 infected	 badgers	 labelled	 “super-	excretors”	 exhibit	 signs	 of	 rela-
tively	higher	levels	of	bacterial	shedding	and	elevated	mortality	rates,	
consistent	 with	 advanced	 disease	 (Graham	 et	al.,	 2013;	 Wilkinson	
et	al.,	 2000).	 However,	 individuals	 can	 also	 be	 “superspreaders”	 by	
interacting	 with	 many	 individuals	 or	 individuals	 in	 different	 groups	





Given	the	 importance	of	population	structure	 in	 influencing	bTB	
dynamics	 in	 badgers,	 individual	 variation	 in	 socio-	spatial	 behaviour	
may	be	expected	to	affect	heterogeneity	in	infection	and	transmission	
risk	(Figure	5	right-	hand	side).	The	deployment	of	proximity	collars	at	







of	 the	 importance	of	 an	 individual	 for	 flow	 through	 the	network	of	
between-	group	interactions)	in	summer	and	winter.	Interestingly,	there	
was	also	corresponding	evidence	of	consistent	individual	variation	in	
sett	 use	 (Weber,	 Bearhop,	 et	al.,	 2013),	with	 increased	 use	 of	 out-
lier	setts	being	positively	correlated	with	both	bTB	infection	and	the	
tendency	to	 form	among-	group	 interactions	 (Weber,	Bearhop,	et	al.,	
2013;	 Weber,	 Carter,	 et	al.,	 2013).	 Individual	 variation	 in	 dispersal	
might	also	be	expected	to	contribute	to	differences	in	social	network	









increased	physiological	 stress	has	been	 found	 to	be	correlated	with	
bTB	infection	in	another	badger	population	(George,	Smith,	Mac	Cana,	
Coleman,	&	Montgomery,	2014).
Studies	using	 radio-	tracking	 to	explore	 the	 relationship	between	
bTB	infection	and	ranging	behaviour	(Cheeseman	&	Mallinson,	1981;	
Garnett,	Delahay,	&	Roper,	2005)	have	found	evidence	that	badgers	
with	more	 advanced	 disease	 tended	 to	 occupy	 larger	 home	 ranges	
than	uninfected	 individuals.	However,	 this	 focus	on	 individuals	with	
advanced	 infection,	while	 aiding	 our	 understanding	 of	 transmission	
risks	(both	to	other	badgers	and	cattle),	is	uninformative	in	assessing	
how	heterogeneity	 in	ranging	behaviour	can	 influence	acquisition	of	
infection.	 Further,	 none	 of	 the	 studies	 relating	 bTB	 to	 socio-	spatial	
behaviour	have	yet	investigated	causality	within	these	relationships.
Individual	variation	 in	other	 traits	 could	 also	help	explain	differ-
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Walker,	Ward,	&	Roper,	2009).	Using	stable	isotope	analysis,	Robertson,	
McDonald,	Delahay,	 Kelly,	 and	Bearhop	 (2014)	 documented	 signifi-
cant	individual	variation	in	foraging	niches	within	badger	social	groups,	
which	was	 largely	 unrelated	 to	 characteristics	 such	 as	 age	 and	 sex,	





condition.	Assuming	 body	 condition	 is	 related	 to	 the	 probability	 of	
infection	 (Figure	5),	 the	 relationship	 between	 dietary	 specialization	
and	body	condition	could	indicate	an	alternative	role	for	foraging	be-
haviour	in	influencing	the	acquisition	and	subsequent	progression	of	
infection.	 Individual	differences	 in	 foraging	niche	could	also	directly	
influence	the	likelihood	of	acquiring	infection,	if	certain	prey	sources,	
habitats	 or	 foraging	 behaviours	 differ	 in	 infection	 risk	 (e.g.	 Johnson	
et	al.,	2009).
Little	 is	 known	about	how	among-	individual	variation	 in	physio-
logical	traits	such	as	immuno-	competence	and	physiology	contributes	




the	 route	 and	 dose	 of	 infection.	 Among-	individual	 variation	 in	 the	
magnitude	of	 the	cell-	mediated	 response	 to	bTB	 infection	has	been	
documented	 in	Woodchester	Park	badgers	 and	 found	 to	be	 a	posi-
tive	predictor	of	progression	to	seropositive	(Stat-	Pak	positive)	or	ex-
creting	 (culture	positive)	 states	 (Tomlinson,	Chambers,	McDonald,	&	
Delahay,	 2015).	Genetically	 acquired	 resistance	or	 tolerance	 to	 bTB	
is	 suspected	 to	 also	 contribute	 to	 observed	 patterns	 of	 infection	










6.1 | An example of among- individual heterogeneity: 
Differences between the sexes
Multistate	modelling	has	revealed	that	male	badgers	are	more	likely	
to	 acquire	 bTB	 than	 females	 and	 that	 infection	 in	 males	 is	 more	
likely	to	progress	to	seropositive	and	excreting	states	(Graham	et	al.,	
2013).	 In	 addition,	 later	 stages	 of	 infection	 are	 associated	 with	 a	
greater	 increase	 in	 mortality	 in	 males	 than	 females	 (Graham	 et	al.,	




Individual-	based	 studies	 provide	 a	 variety	 of	 mechanisms	 that	
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found	that	cell-	mediated	immune	responses	were	consistently	lower	
in	males	than	females	regardless	of	age.	Male	badgers	are	also	more	
likely	 to	 use	 outlier	 setts	 than	 females	 during	 the	mating	 season	 in	














to	vary	 in	relation	to	changes	 in	 intrinsic	physiological	state	and	so-
cial	 behaviour	 (Figure	5).	 Such	within-	individual	 variation	 could	 also	
occur	on	a	less	predictable	short-	term	basis,	reflecting	seasonality	for	
example.
One	 key	 component	 of	 individual	 heterogeneity	 in	 disease	 is	
early-	life	risk.	Many	individuals	within	the	Woodchester	Park	popu-
lation	acquire	bTB	infection	in	their	first	year	of	life	(annual	estimates	
range	 from	5%	 to	37%;	Benton	 et	al.,	 2016;	Tomlinson,	Chambers,	
Carter,	et	al.,	2013),	and	this	is	known	to	be	related	to	characteristics	
of	the	natal	group.	For	example,	the	presence	of	infectious	breeding	
females	 has	been	 related	 to	 a	 fourfold	 increase	 in	 the	 risk	of	 cubs	
becoming	test	positive	in	their	first	year	of	life	(Tomlinson,	Chambers,	
Carter,	 et	al.,	 2013).	 Similarly,	 the	 presence	 of	 infectious	 related	
males	and	 females	has	been	 found	to	 increase	 the	 risk	of	cubs	be-
coming	infected	(Benton	et	al.,	2016).	While	not	all	cubs	are	fathered	
by	within-	group	males,	 it	may	be	 that	 a	 tendency	 to	 interact	more	
with	fathers	or	related	males	could	explain	this.	However,	the	prin-
cipal	source	of	risk,	based	on	these	studies,	 is	 likely	to	be	“pseudo-	
vertical”	 transmission	 from	mothers	 to	 cubs	 (Tomlinson,	Chambers,	
Carter,	et	al.,	2013).
A	 second	 important	 age-	related	 process	 influencing	 disease	
characteristics	 is	 senescence.	 Recent	 work	 at	 Woodchester	 Park	
has	documented	senescence	in	badger	body	mass	(Beirne,	Delahay,	




immune	senescence	do	not	differ	between	 the	 sexes	 (Beirne	et	al.,	
2016).	 The	 relationship	 between	 body	 condition	 and	 the	 acquisi-
















with	 age	 (Carpenter	 et	al.,	 2005),	 although	 how	 this	 is	 reflective	 of	
age-	related	variation	in	mating	behaviour	is	unclear.
8  | SCALING INDIVIDUAL 
HETEROGENEITY TO POPULATION- 
LEVEL PROCESSES
Forty	years	of	research	at	Woodchester	have	revealed	the	 impor-
tance	of	 individual	heterogeneity	 in	the	risks	of	 infection	and	dis-
ease	 progression	 (Figure	5)	 and	 that	 variation	 in	 many	 traits	 can	
contribute	 to	 population-	level	 epidemiological	 patterns.	 This	 has	
contributed	considerably	to	an	in-	depth	knowledge	of	badger	ecol-
ogy	alongside	many	other	 important	 studies	 (see	Roper,	2010	 for	
a	 review),	 some	of	which	have	also	made	 important	contributions	




a	 profound	 impact	 on	model	 outcomes	 (Lloyd-	Smith	 et	al.,	 2005).	
For	 the	Woodchester	 Park	 research	 programme,	 the	 advent	 of	 a	
more	 individual-	focussed	 set	 of	 studies	 has	 provided	 invaluable	
links	between	individual	variation	in	behaviour	and	the	group-	level	
patterns	that	were	well	captured	by	previous	studies	(e.g.	Delahay,	
Langton,	 et	al.,	 2000;	Rogers	et	al.,	 1998;	Vicente	et	al.,	 2007).	 In	
particular,	 the	Woodchester	 study	 has	 revealed	 phenotypic	 traits	
vital	 for	understanding	the	social	structure	of	badger	populations,	
mechanisms	 related	 to	 disease	 spread	 at	 different	 spatial	 resolu-
tions	 (Figure	4)	and	processes	which	provide	 insights	 into	 the	po-
tential	impact	of	management-	induced	perturbation	(albeit	with	the	
caveat	 the	Woodchester	 Park	 study	 population	 is	 of	 higher	 than	
average	density).	However,	the	lack	of	continual	bio-	logging	data	on	
particular	individuals	has	somewhat	restricted	a	temporally	dynamic	
understanding	 of	 the	 system.	Additionally,	 it	 is	 only	 recently	 that	
sophisticated	 demographic	 approaches,	 which	 account	 for	 detec-
tion	bias	and	uncertainty	in	disease	state,	have	enabled	a	more	in-	
depth	understanding	of	demographic	processes.
Future	 studies	 should	 build	 on	 this	 strong	 knowledge	 base,	 as	
well	 as	 that	 provided	 by	 other	 long-	term	 studies	 of	 badgers,	 to	 try	
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and	address	some	of	the	limitations	highlighted	above,	to	better	un-
derstand	how	 individual	heterogeneity	 relates	 to	bTB	dynamics.	We	
propose	 three	 strands	 of	 research	 that	 are	 ideally	 suited	 to	 investi-
gation	within	 the	Woodchester	 system:	 (1)	exploring	how	 individual	
traits	 interact	 to	determine	heterogeneity	 in	disease	parameters;	 (2)	
taking	a	more	dynamic	approach	to	determine	disease–behaviour	co-	
dynamics;	 and	 (3)	 accounting	 for	 among-	individual	 variation	 within	
demographic	and	epidemiological	models.
8.1 | How do individual traits interact to determine 




ences	 that	 result	 in	 substantially	 increased	 transmission	 opportuni-
ties	(“supercontactors”)	and	rapid	transition	to	a	super-	excretor	state	
represent	an	important	component	of	the	“superspreader”	phenotype	
(individuals	 responsible	 for	 a	 high	 number	 of	 secondary	 infections).	
Describing	a	set	of	phenotypic	characteristics	that	are	associated	with	






One	 area	 of	 current	 research	 interest	 is	 the	 indirect	 role	 of	 so-
cial	 behaviour	 on	 disease	 acquisition	 and	 progression	 (Nunn,	 Craft,	
Gillespie,	Schaller,	&	Kappeler,	2015).	It	has	been	suggested	that	social	
buffering	 against	 infection	may	 be	 an	 important	 process	 for	 group-	
living	 species	 through	 its	 effects	 on	 condition,	 stress	 and	 immuno-	
competence	 (Ezenwa,	 Ghai,	 McKay,	 &	Williams,	 2016;	 Nunn	 et	al.,	
2015).	One	explanation	for	a	correlation	between	bTB	 infection	risk	
and	 increased	between-	group	movement	and	contacts	 is	 that	 these	




our	existing	knowledge,	 is	 that	 the	 interaction	between	behavioural	
and	 physiological	 processes	 might	 be	 expected	 to	 covary	 with	 sex	
or	 age.	This	 could	 be	 important	 in	 generating	 predictable	 individual	
heterogeneity	that	would	be	beneficial	 to	 include	 in	epidemiological	
models	or	management	strategies.
Another	 component	 of	 among-	individual	 variation	 that	 has	 re-










phenomena	will	 be	 integral	 to	 providing	 a	 deeper	 understanding	 of	
host–pathogen	dynamics	in	this	system.
8.2 | What are the co- dynamics of bTB infection and 
behaviour?
A	 further	 area	 of	 current	 research	 interest	 in	 disease	 ecology	 is	
network	dynamics;	changes	in	host	behaviour	in	response	to	infec-
tion	can	have	an	 important	 influence	on	epidemiological	patterns	
and	 vice	 versa	 (Ezenwa,	 Archie,	 et	al.,	 2016).	 There	 is	 extensive	
empirical	 evidence	 from	Woodchester	Park	 relating	behaviour	 to	
bTB	infection.	However,	the	directionality	of	the	relationships	be-
tween	socio-	spatial	behaviour	and	the	acquisition	and	progression	




badger–bTB	 system	 that	 has	made	 studying	 behaviour–infection	
co-	dynamics	 difficult	 has	 been	 uncertainty	 in	 diagnostic	 test	 re-
sults.	However,	 the	 application	of	new	Bayesian	methods	 is	 pro-
viding	a	more	sophisticated	probabilistic	interpretation	of	infection	
status	 (Buzdugan	et	al.,	2016;	Drewe	et	al.,	2010),	which	will	 im-
prove	 the	 ability	 to	 track	 lifetime	 disease	 status	 and	 enable	 un-
certainty	in	disease	status	to	be	incorporated	into	any	subsequent	




opments	 in	 bio-	logging	 approaches	 to	 increase	 the	 resolution	 of	
data	on	space-	use	and	social	 interactions	or	 (2)	the	 incorporation	
of	mark-	recapture	data,	to	enable	longitudinal	analysis	of	individual	
socio-	spatial	 behaviour	 and	 dispersal	 throughout	 the	 lifespan	 of	
marked	individuals.
8.3 | What is the role of individual heterogeneity in 
population- level epidemiological patterns?
Throughout	this	review,	we	have	highlighted	how	individual	hetero-
geneity	could	be	important	for	host–pathogen	dynamics	(Figure	4).	
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